ABSTRACT: Biocatalysts, especially enzymes, have the ability to catalyze reactions with high product selectivity, utilize a broad range of substrates, and maintain activity at low temperature and pressure. Therefore, they represent a renewable, environmentally friendly alternative to conventional catalysts. Most current industrial-scale chemical production processes using biocatalysts employ soluble enzymes or whole cells expressing intracellular enzymes. Cell surface display systems differ by presenting heterologous enzymes extracellularly, overcoming some of the limitations associated with enzyme purification and substrate transport. Additionally, coupled with directed evolution, cell surface display is a powerful platform for engineering enzymes with enhanced properties. In this review, we will introduce the molecular and cellular principles of cell surface display and discuss how it has been applied to engineer enzymes with improved properties as well as to develop surface-engineered microbes as whole-cell biocatalysts.
INTRODUCTION TO BIOCATALYSIS
Biocatalysis is the subfield of reaction engineering concerned with the application of enzymes for chemical production. 1, 2 Similar to conventional catalysts, enzymes are not consumed by a chemical reaction; instead, both accelerate the reaction rate by providing an alternative reaction path characterized by a lower activation energy. While the fundamental thermodynamics governing the action of enzymes and conventional catalysts are identical, several properties associated with enzymes are considered to be advantageous for industrial processes, 3 such as higher catalytic efficiency, 2 product selectivity, 3−6 ability to catalyze chemical reactions under mild conditions, 7 and biodegradability. 3, 4, 6 As such, the global market for industrial biocatalysis is expected to grow to 5.5 billion USD through 2015 with increasing applications in the production of detergents, alcohols, textiles, and pharmaceuticals. 8 Current industrial biocatalysis is based largely on the use of cell-free or intracellular enzyme systems ( Figure 1 ). Cell-free systems are typically used for cofactor-independent reactions 1 and require purification of the enzymes from high-density cell cultures using liquid chromatography or liquid−liquid extraction to minimize downstream separation difficulties and competing reactions from contaminant enzymes in the cell lysate. 9 Cell-free enzymes have direct access to substrate in solution and, as a result, often exhibit reaction-rate limited kinetics. However, these systems lack the important ability to piggyback on the natural metabolic network of the cell, limiting their application to simple reactions. In contrast to cell-free systems, intracellular enzyme systems first require internalization of the substrate via active or passive transport mechanisms. Because the rate of substrate internalization is almost always lower than the rate of reaction, the kinetics governing intracellular enzyme biocatalysts are masstransport limited and typically 10-to 100-fold slower 10, 11 than cell-free enzymes. Despite slower kinetics, intracellular enzyme expression systems are commonly used in chemical synthesis. 1 This is primarily due to their ability to utilize cofactor-dependent enzymes, as living cells can couple metabolic reactions to regenerate oxidized and reduced forms of cofactors. Additionally, these systems are less expensive to prepare than purified cell-free enzymes, and the tightly regulated intracellular environment protects enzymes from toxic and potentially inhibitory reaction conditions. 12, 13 Despite demonstrated success, many industries have been reluctant to adopt enzyme biocatalysts in large-scale production processes. The most commonly cited drawbacks associated with enzyme biocatalysts have included process condition limitations, susceptibility to substrate/product inhibition, decreased activity in non-aqueous environment, low production capacity, and the lack of naturally occurring enzymes capable of mediating desired chemical transformations. 14 Addressing some of these shortcomings, the breakthroughs in our understanding of cellular biology and protein engineering have helped to rapidly advance the field of biocatalysis. This evolution has been described by Bornscheuer et al. as the "three waves of biocatalysis" 15 ( Figure  2 ). In particular, the third wave, characterized by the implementation of directed evolution strategies, pioneered by Frances Arnold and Willem Stemmer around the turn of the 21st century, 16 has been the most crucial of all. In addition to enhancing existing enzymatic properties, directed evolution has empowered researchers to develop enzymes with novel capabilities and utilize heterologous reaction pathways. 15 The maturation of cell surface display technology at the turn of the second and third waves enabled researchers to harness its natural ability to link genotype and phenotype as a powerful libraryscreening tool for protein engineering, especially via directed evolution. Moreover, novel whole-cell biocatalysts have been engineered using surface-displayed enzymes. Enzyme cell surface display allows whole cells to readily access soluble substrate while retaining the metabolic potential of intracellular enzyme systems (e.g., extracellular degradation of cellulose and internalization of the major product, glucose, to produce ethanol). In this review, we will compare commonly used surface display systems and discuss how they, coupled with breakthroughs in the field of protein engineering, have generated new excitement about expanding the use of engineered enzyme biocatalysts in industry.
MOLECULAR AND CELLULAR PRINCIPLES OF CELL SURFACE DISPLAY
Cell surface display systems have explored a variety of host organisms with a varying degree of complexity ranging from viral capsids 17, 18 to bacterial spores 19 to prokaryotes 20 to eukaryotes. 21 Despite differences in the host organisms, surface display systems often have three core features in common: (a) a signal peptide to direct the protein of interest toward the secretory pathway, (b) an endogenous surface protein amenable to recombination (i.e., insertion, deletion, and fusion) to enable stable surface anchorage of the target protein, and (c) an epitope tag to facilitate the detection of successful surface display. Currently, no one-size-fits-all surface display platform exists, and the most suitable host system depends on several factors, including the complexity of the recombinant enzyme being Timeline depicting the synergistic overlap of biocatalysis evolution and maturation of surface display 39, 149 as a tool for biocatalyst engineering. The evolution of biocatalysis, detailed in three waves, 15 transitions from the utilization of natural metabolic pathways for the production of natural products (first wave) to the exploitation of natural pathways and enzymes for the generation of non-natural products (second wave) to engineering nonnatural pathways for novel product generation (third wave).
displayed and its intended application (Table 1) . In this section, we will introduce and compare some of the more widely used surface display systems pertinent to biocatalysis.
2.1. Phage Display Systems. Bacteriophages (phages) comprise a diverse group of viruses that infect prokaryotic organisms. One of the first successful demonstrations of the surface display of peptides was accomplished using a phage display system. 17 Phage display has been, and continues to be, used for many diverse applications, including antibody affinity maturation, 22−24 selection of molecular imaging probes, 25, 26 antigen identification for vaccine development, 27, 28 and the discovery of novel enzyme substrates and inhibitors. 29−31 However, phage display is inherently limited by the posttranslational machinery of its bacterial host as well as the size of the target protein. As a result, phage display systems lack the ability to present diverse libraries of large, full-length heterologous enzymes. Nevertheless, they still play an important role in improving the properties of enzyme biocatalysts. For example, phage display has been used to select improved enzyme subunits, 32 to study substrate binding and enzyme inhibition, 33 and to assess the interactions between small molecules and enzymes. 33 2.2. Prokaryotic Display Systems. In order to account for some of the limitations associated with phage display, a number of prokaryotic cell-surface display systems have been developed. The greatest advantage of prokaryotic display over phage display is the ability to screen and sort cells using fluorescence activated cell sorting (FACS). 34 Prokaryotic systems are also capable of presenting larger, more complex polypeptides than phage display systems. 35 Furthermore, most bacteria express a high number of native anchor proteins. This allows for high-level surface display of foreign enzymes without exhibiting avidity effects associated with the use of some abundant phage capsid proteins. 36 Escherichia coli has emerged as the most widely used host primarily due to its well-established genetic toolbox and its ability to achieve high-density surface display of full-length recombinant proteins. A detailed review of diverse prokaryotic surface display systems can be found elsewhere. 37, 38 Here, we will provide an overview that will serve to emphasize the significance of prokaryotic cell surface display in engineering novel and improved biocatalysts.
E. coli cell surface display is accomplished by fusing a target protein (the passenger) to a native surface protein (the carrier) anchored in the outer membrane. The carrier protein mediates the transport of the passenger through the E. coli inner membrane and periplasm for stable anchoring in the outer membrane. The properties of the carrier protein dictate the orientation (i.e., N-or C-terminal fusion) and the size limit of the target gene. For example, complications in outer membrane localization using outer membrane protein A (OmpA) as the carrier were observed when attempting to surface display large target proteins. 39 This issue was addressed by fusing the signal and the first nine amino acids of a lipoprotein (Lpp) to the Nterminal region of OmpA and has been used to display many functionally diverse heterologous enzymes. 40, 41 While Lpp-OmpA is among the most widely used carrier proteins for prokaryotic surface display, recent efforts have focused on two carrier proteins: autotransporter proteins 42 and ice nucleation proteins (INPs). 43 Autotransporter protein display (autodisplay) has two significant advantages over traditional prokaryotic surface display systems including LppOmpA. First, autotransporter proteins are relatively simple, modular proteins. 44 This modular structure allows the native passenger protein (typically, a virulence factor) to be readily exchanged to display the desired heterologous enzyme on the bacterial cell surface. 45 The second advantage of the autodisplay systems lies in the mobility of the β-barrel anchor, 45 which allows the autodisplayed proteins to form multimers by associating in the membrane after expression. This has been demonstrated for several dimeric enzymes 46, 47 and could be adapted to display functional heterodimers and multimers. 48 Autodisplay systems are also capable of displaying >180 000 copies of autotransporter-fused enzyme per cell, rivaling the expression of endogenous E. coli surface proteins (100 000−200 000 copies). 44 Similar to autodisplay, INP-based display systems are capable of achieving higher surface display levels than Lpp-OmpA. 49 In addition, INPs contain a highly degenerate internal region that has been used as a scalable linker to display heterologous enzymes at varying distances from the cell surface. 50 This has allowed large fusion proteins to be surface displayed without prokaryotic cell-surface interference.
While greatly expanding the potential of cell surface display beyond phage display systems, prokaryotic systems also have their own limitations. Prokaryotes are capable of performing only relatively simple post-translational modifications and are known to exhibit expression bias against more complex mammalian proteins. 21 Additionally, most prokaryotes lack the innate machinery to produce and tolerate high levels of toxic metabolites, such as ethanol. 51 2.3. Eukaryotic Display Systems. To address some of the limitations of prokaryotic display, several eukaryotic surface display systems have been explored, ranging from yeast to insect 52 to mammalian cell display. 53 These eukaryotic display systems, particularly yeast display, offer several distinct advantages, including the ability to fold, process, and present complex heterologous proteins, 21 the availability of an established genetic toolbox, and the ability to tolerate harsh conditions by exhibiting cross-protection 54−56 against environ- 57, 58 Here, we will introduce some of the more common yeast surface display systems with demonstrated relevance in biocatalysis.
The mating-type-specific agglutination proteins, a-and α-agglutinin, have been among the most widely used anchor proteins for yeast surface display. 57 The a-agglutinin protein consists of two units linked by a disulfide bridge: the Aga1 anchor and an Aga2 carrier. This disulfide bridge is a prominent feature of a-agglutinin-based display, as it provides a natural spacer between the target protein and the cell surface. In contrast, the α-agglutinin protein consists of a single anchor unit, Agα1. Another important difference between the two agglutinin-based surface display systems is the orientation of the target protein. aAgglutinin is more commonly used for enzymes with a Cterminal functional domain, whereas α-agglutinin is more commonly used for those with a functional domain near the N-terminus. 58, 59 The agglutinin-based display systems have been adapted to display a diverse array of peptides, enzymes, and structural proteins on the yeast cell surface for a plethora of applications ranging from antibody affinity maturation to biofuel production. 58−64 Another group of anchor proteins used for yeast surface display are flocculation proteins. The yeast flocculation protein, Flo1, 65 has been widely used to display functional lipases on the surface of both Saccharomyces cerevisiae 66 and Pichia pastoris. 67, 68 Additionally, it has been shown in some cases that the fusion of the target enzyme to the flocculation protein does not abolish its native function. 69, 70 The resulting flocculation phenotype is often desirable because it can serve as an indicator of nutrient depletion in media, and the yeast flocs can be easily separated from a liquid suspension. 71, 72 While yeast surface display has helped to advance the field of protein engineering, it is not without its limitations. First, yeast cell growth is significantly slower than that of most bacteria, which may hamper the economic viability of processes utilizing yeast-based whole-cell biocatalysts. Another commonly cited drawback associated with yeast surface display is its low transformation efficiency (Table 1) , which limits the enzyme mutant library size of directed-evolution-based engineering strategies in yeast, as discussed below.
CELL SURFACE DISPLAY FOR ENGINEERING
INDUSTRIAL BIOCATALYSTS While nature has provided a plethora of functionally diverse enzymes, most have evolved to operate within a narrow range of physiological conditions. As a result, many wild-type enzymes cannot function in the harsh environments associated with industrial processes. To address this issue, researchers have used directed evolution and cell surface display to engineer and select mutant enzymes better suited to handle industrial processing (Section 3.1). In addition to serving as a powerful tool for protein engineering, cell surface display of modified or wild-type enzymes can be used to create novel whole-cell biocatalysts for use in chemical processes ranging from biofuel production and petroleum refining to environmental pollutant detection. 58,73−76 Two surface-display strategies are currently being explored for this purpose: (a) direct surface display of multiple enzymes in a noncomplexed form (Section 3.2) and (b) complexed display of enzymes organized on surface-displayed protein scaffolds (Section 3.3) as depicted in Figure 1 .
3.1. Direct Cell Surface Display of Single Enzymes. The simplest form of cell surface display employs the direct genetic linkage of the target enzyme to a transmembrane anchorage protein of the cell. Coupling this direct cell surface display of single enzymes with directed evolution has emerged as a powerful approach for engineering and high-throughput screening of biocatalysts with improved properties. A typical application of this approach consists of five steps ( Figure 3 ): (i) selection of an enzyme as the engineering target, (ii) generation of a library of enzyme mutants by random or semirational mutagenesis, (iii) cellular expression of the mutant library, (iv) cell surface display of the expressed enzymes for selection of mutants exhibiting enhanced properties, and (v) reiteration of these four steps to enrich the selected mutant populations with improved properties. 76−78 In this section, we will describe how cell surface display of single enzymes has been used in conjunction with directed evolution to engineer novel and improved biocatalysts. Specific properties with importance in industrial processes include, but are not limited to, thermostability, tolerance to organic solvents, activity, substrate specificity, and enantioselectivity of reaction products. 79−81 Some of the recent applications of the five-step engineering approach have been summarized in Table 2 . In the discussion below, we will focus on studies that have introduced new aspects to the five-step engineering approach.
3.1.1. Enzyme Stability and Solvent Tolerance. Many industrial processes operate at temperatures, pH ranges, and chemical/solvent conditions not optimal for maintaining the stability of wild-type enzymes. Therefore, a considerable effort has been made to engineer more robust enzyme biocatalysts with improved stability under non-ideal conditions. One of the most industrially relevant properties of biocatalysts is their thermostability. To date, only a few studies have reported the use of cell surface display to improve the thermostability of enzymes (Table  2 ). This may be due to the intrinsic thermal instability of unadapted living cells and protective mechanisms triggered (upregulation of heat shock proteins, suspension of protein transcription and translation, etc.) under extreme temperature conditions 82 that can detrimentally affect the expression level of the enzyme library. Studies have evaluated the thermostability profile of mutated enzymes using cell surface display up to moderately high temperatures (70°C) and showed greater than 50% residual activity for a relatively short time duration (a few hours to 4−5 days). 83−86 Lipases are one class of enzymes that have demonstrated the potential to generate biofuels by the esterification of free fatty acids. However, many lipases can be inactivated not only at high temperatures but also in the presence of organic solvents such as methanol, both of which are required for efficient biodiesel production. 87 For this reason, considerable research has been focused on improving the methanol tolerance of biodieselproducing lipases, in addition to thermostability. 85, 88, 89 However, the aqueous conditions of high-throughput screening systems designed to identify hydrolytic enzyme activity is not suitable for selecting lipases, of which the catalytic activity requires a non-aqueous environment. To address this issue, Zhang et al. 90 developed a new screening technique to identify thermostable mutants of Rhizomucor miehei lipase (RML). Saturation mutagenesis was used to generate the mutant libraries, and the resulting RML variants were displayed on the surface of yeast cells. Unlike the conventional surface screening techniques applied in most studies described in Table 2 , screening for thermostable RML mutants was performed at 70°C by combining yeast surface display with pH monitoring and colony plating using organic media into a comprehensive highthroughput screening system. 90 Thermostable enzymes were identified by heating the plates with yeast colonies grown on BMMG (buffered minimal methanol media)/BMMY (buffered methanol complex media) prior to the addition of the reaction substrate. Active and thermostable mutants then utilized the substrate, tributyrin, to form a halo around the corresponding yeast colony. This technique enabled the visual identification of improved lipases via non-aqueous screening, allowing for the rapid selection of thermostable mutants.
3.1.2. Enzyme Activity and Substrate Specificity. Being crucial parameters for the overall economy of a process, extensive efforts have been made to improve the activity and substrate specificity of enzymes using cell surface display 60,75,91−97 (Table   2 ). However, the majority of such studies have relied on conventional low-throughput assays for mutant identification, similar to those used for soluble proteins, indicating the employment of cell surface display to bypass protein purification rather than a high-throughput screening tool. For protein affinity engineering, cell surface display has been routinely used in combination with FACS, which allows the screening of a few thousand cells per second. 98 To harness its power in highthroughput screening of improved enzymes, the main challenge lies in establishing a stable link between the activity or substrate specificity of a mutant enzyme with the clone that harbors that particular mutant, i.e., preventing dissociation of the reaction product from the cell that expresses that enzyme. Thus, there is a need for a more elegant design that can help to overcome this particular drawback, and two recent studies on protease engineering using cell surface display have done just that. Several industries, including sanitation, food, pharmaceuticals, biomedical, and waste management, have seen a growing interest in employing protease-based biocatalysts in their processes. 99 Although similar in their approaches, which involved FACS detection of the products generated from selective proteolysis of a multidomain protein substrate, the two studies differed in the location where the proteolytic cleavage took place.
In the first system, 100 named yeast endoplasmic reticulum sequestration screening (YESS), proteolysis occurred intracellularly in the endoplasmic reticulum (ER) due to the addition of an ER retention signal peptide that directed both the enzyme variant and multiepitope tagged substrate to the ER. Protease mutants with altered substrate specificities cleaved at different residues, generating products with unique epitope tag combinations, but each proteolytic event resulted in the removal of the ER retention sequence. As a result, each uniquely tagged product was displayed on the yeast surface as an Aga2 fusion protein. Surface staining using epitope-specific antibodies coupled with FACS analysis enabled the detection of unique fluorescent profiles, which indicated selective cleavage by the protease variant. Additionally, improved activity of the enzyme mutant was identified based on the intensity of the fluorescence.
In the second study, 101 enzymatic cleavage took place extracellularly by co-displaying the enzyme variant and the substrate on the cell surface. The authors showed that a protease variant with altered substrate specificity would cleave at amino acid residues other than a basic residue, such as hydrophobic, aromatic, polar, or negatively charged residues. This differential cleavage specificity was linked to the release or retention of an autoinhibitory peptide on the substrate. Removal of the inhibitor peptide by an altered protease would enable binding of a fluorescent dye, whereas its retention would not allow fluorescence labeling. The difference in fluorescence profiles could then be detected by high-throughput screening using FACS. Besides detection of altered specificity profiles, the designs used in these two systems also demonstrated the additional advantage of quantitative evaluation of enzyme activity based on the intensity of the fluorescence profiles.
Recent years have seen an increased interest in developing highly sensitive screening techniques based on microfluidics. 102, 103 By combining in vitro compartmentalization, microfluidics, and cell surface display, Agresti et al. 104 demonstrated a new screening system that takes advantage of physical separation at the single-cell level, an advantage that is otherwise lost by evaluating a mixed population of cells displaying different variants of the enzyme on the surface. Specifically, yeast cells were engineered to display libraries of horseradish peroxidase (HRP) mutants as Aga-2 fusion proteins. The two libraries were generated by error-prone PCR (epPCR) followed by saturation mutagenesis and staggered expression process, respectively. In this system, a distinctive shift from conventional selection process was the compartmentalization of the recombinant yeast cells in picoliter droplets, with each droplet containing at most one yeast cell displaying one particular enzyme mutant. Using a microfluidics device, each picoliter droplet was sorted based on the presence or absence of a fluorescent signal. Droplets with desired enzyme mutants appeared as fluorescent bubbles, whereas those with no yeast cells or inactive enzymes did not emit light. With a sorting rate of 1000 events/s, this ultra-highthroughput system was capable of screening a library size of ∼10 8 in about 10 h, 104 thus offering an efficiency comparable to that of current high-throughput screening techniques, such as FACS and microtiter plate screening.
3.1.3. Enzyme Enantioselectivity. Establishing a stable genotype−phenotype link is vital to the success of any directed evolution process. 105 Historically, this has proven to be a significant challenge in developing effective screening methods for selection of enantioselective mutants, as the property of enantioselectivity is a kinetic one. Thus, linking high enantioselectivity of a beneficial mutant to the cell expressing that mutant is difficult. 106 A number of studies have been devoted to the development of high-throughput screening systems with the ability to elucidate the relationship between enzyme mutations and the resulting product selectivity 107−112 ( Table  2) . One of the more promising studies regarding enantioselectivity engineering was performed by developing a novel, highthroughput screening system called enzyme screening by covalent attachment of products via enzyme display (ES-CAPED). 113 Traditional screening systems allow for the immediate detachment of the enantiomer product following the enzymatic reaction. ESCAPED differs by maintaining a covalent attachment of the reaction product with the enzyme on the host cell surface following the reaction and is therefore amenable to flow cytometric analysis. This system was validated by displaying an error-prone PCR mutant library of the Pseudomonas aeruginosa esterase (EstA) on the surface of E. coli. 114 The highly selective mutant enzyme presented on the cell surface catalyzed a peroxide radical mediated reaction for the hydrolysis of a tyramide ester substrate (S-or R-2-MDA). The reaction product was immediately covalently attached to the surface of the bacterial cell due to radical transfer from the tyramide group to a tyrosine residue of an endogenous surface protein. 115 The surface-displayed enzyme−product complexes were stained with enantiospecific antibodies and screened using FACS to identify mutants exhibiting a high degree of enantioselectivity. This elegant study provided a turning point in simplifying surface engineering of enantioselectivity of biocatalysts.
3.2. Direct Cell Surface Display of Multiple Enzymes. In addition to serving as a powerful screening platform for enzyme engineering, direct surface display of single enzymes has shown some biocatalytic potential. For example, whole-cell biocatalysts displaying single enzymes have been used to degrade toxic pollutants 116 and exhibited greater activity in biodiesel production than enzymes immobilized on resin beads. 117 However, these systems are largely restricted to simple, onestep reactions. In contrast, direct surface display of multiple enzymes has been used to engineer novel biocatalysts capable of acting on multiple substrates. One area where direct cell surface display of multiple enzymes has demonstrated success is in the detection or degradation of some pollutants (a process known as bioremediation). One common target of bioremediation is highly toxic organophosphorus pesticides (OPs). OPs have been widely employed in the agricultural industry for decades, and the development of biocatalysts that degrade toxic OPs is an active area of research. 11, 75, 118 A number of successful whole-cell biocatalysts using direct display of OP-degrading enzymes have been developed, 75, 119, 120 including a system utilizing co-display of two enzymes for simultaneous OP detection and degradation. 118 In this system, organophosphorus hydrolase (OPH) and a methyl parathion hydrolase (MPH)−GFP fusion were codisplayed using truncated INP and Lpp-OmpA anchors, respectively. Because GFP fluorescence intensity is sensitive to environmental pH and the degradation of OPs by OPH and MPH generates protons, the surface-engineered E. coli strain was able to detect and degrade a broad range of OPs by monitoring changes in GFP fluorescence.
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Whole-cell biocatalysts utilizing surface-displayed enzymes are also being explored for the production of biofuels. For example, direct co-display of multiple cellulases has shown potential in the degradation of crystalline cellulose, a major bottleneck in the conversion of biomass to biofuels. 121 One of the most recent breakthroughs in utilizing direct co-display of cellulases for the degradation of crystalline cellulose has been the incorporation of small, non-enzymatic proteins called expansins. 122 As their name suggests, expansins are believed to act on crystalline cellulose by disrupting hydrogen bonding between cellulose microfibrils, disrupting the structure and increasing the surface area accessible to cellulase enzymes. 123 In a recent study, Nakatani et al. 124 coexpressed three cellulases on the S. cerevisiae cell surface in addition to a fungal expansin-like protein as Agα1-fusions. The resulting strain was able to increase ethanol production from phosphoric acid swollen cellulose (PASC) from 2.3 to 3.4 g/L. This is one of the first examples of using direct surface display of both enzymatic and non-enzymatic proteins to harness enzyme synergy. Whole-cell biocatalysts utilizing direct surface display have received increasing attention as potential food-grade biocatalysts. Innocuous whole-cell biocatalysts not only represent an environmentally friendly alternative to traditional catalytic processes but also have the potential to act on foodstuffs without the use of harmful materials in the production process. For example, the most common method for chemical synthesis of vanillin requires the toxic precursors phenol and guaiacol. 125 E. coli whole-cell biocatalysts expressing intracellular enzymes have been engineered to produce vanillin using innocuous precursors glucose 125 and ferulic acid. 126 Another advantage associated with food-grade biocatalysts is the relatively low energy requirement for activation. Direct display of lipases on P. pastoris has resulted in the generation of safe, whole-cell biocatalysts capable of efficiently enriching the fatty acids EPA and DHA in fish oil with high selectivity, reducing the energy costs associated with downstream separation.
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127 P. pastoris displaying lipases have also been used to produce the fruit-flavored esters, isoamyl acetate and cis-3-hexenyl, exceeding 95% conversion. 128, 129 3.3. Scaffold-Complexed Multienzyme Surface Display. The most recent development in cell surface display has been the engineering of highly specific, modular protein scaffolds. Owing to the ability of scaffold-complexed systems to surface display multiple heterologous enzymes in highly organized patterns, they can be used to catalyze multistep reactions with a higher catalytic efficiency than the direct codisplay of multiple enzymes due to enzyme−proximity synergy. 130, 131 In nature, protein scaffolds are found in some anaerobic bacteria and are made up of binding modules called cohesins. 132 These cohesin-containing scaffolds, termed scaffoldins, are loaded with hydrolytic enzymes, each of which has a dockerin domain. The dockerin binds to cohesin in a speciesdependent manner to form a cellulosome complex. Novel designer cellulosomes can be engineered by recombining cohesins from different species into a single construct. Dockerins from species corresponding to the desired cohesins can then be fused to target enzymes to create sophisticated enzyme networks in the extracellular space.
Yeast surface display of designer cellulosomes has been demonstrated as a promising platform for ethanol production from lignocellulosic biomass. Because yeast have the innate machinery to produce high levels of ethanol, yeast with surface displayed scaffoldin-complexed cellulases have the potential to directly ferment sugars freed from cellulose to ethanol. 133−135 This feature is critical to the development of consolidated bioprocessing (CBP), 136,137 a highly integrated process configuration with great potential to reduce the cost of lignocellulosic biofuel production. Therefore, yeast surface display of designer cellulosomes for biomass saccharification is an active research area, and several groups have investigated different methods of organizing enzymes in the extracellular space to harness synergistic effects. We have developed one such system using an Aga2-fused trifunctional scaffoldin complexed with three cellulases: endoglucanase, cellobiohydrolase, and β-glucosidase. The resulting yeast strain showed a 1.6-fold increase in PASC hydrolysis as a result of enzyme−proximity synergy and an additional 5.5-fold increase as a result of enzyme−enzyme synergy. 135 This idea has been expanded to include self-surface assembly of a two-member miniscaffoldin on the S. cerevisiae cell surface, where one miniscaffoldin contained an Aga2 fusion and the other contained a dockerin fusion. 138 This elegant design enabled the yeast surface display of multiple minicellulosomes with the same three enzymatic activities on a secondary scaffold to achieve hydrolysis of crystalline cellulose. The engineered yeast biocatalyst was able to achieve an ethanol yield of 1.412 g/ L. The complexity of yeast-displayed scaffolds has been expanded further to include multivalent scaffold structures containing scaffold chains branching off from a surface-displayed Aga2-fused scaffold 139 and even ill-defined amyloid-like oligomeric cohesin scaffolds. 140 Another recent study demonstrating improved efficiency of scaffoldin-complexed biocatalysts was performed by Liang et al., 141 in which a pentavalent scaffold was displayed on the surface of S. cerevisiae. The Aga2-fused cohesin scaffold was complexed with an endoglucanase, a cellobiohydrolase, a β-glucosidase, a cellulose dehydrogenase (CDH), and a lytic polysaccharide monooxygenase (LPMO). The LPMO is believed to cleave cellulose in the presence of CDH, increasing the number of active sites available upon which the other scaffoldin-complexed cellulases can act. The addition of the CDH and LPMO enzymes increased the ethanol titers from PASC from 1.8 to 2.7 g/L.
Yeast surface display is not the only system used for scaffoldincomplexed surface display. Bacterial systems utilizing Bacillus subtilis and E. coli have also demonstrated potential to surface display designer cellulosomes. 142 In the context of biofuel production and CBP, the optimal host for scaffoldin-complexed surface display of enzymes depends on a number of factors including metabolite tolerance, the innate fermentation machinery, process stability, and the amenability to scale-up. Due to the well-established genetic toolbox and its long history of industrial ethanol production, S. cerevisiae is among the most popular host systems being explored for the production of fuels from cellulosic biomass. 51, 143 3.4. Biocatalytic Process Considerations for SurfaceDisplayed Enzymes. Despite success on the laboratory scale, there are several considerations that arise for the industrial use of multicomponent whole-cell biocatalysts (direct co-display and scaffoldin-complexed cell surface display). Like intracellular expression systems, surface-display-based biocatalysts are derived from living organisms and therefore require special processing steps to maintain activity (removal of dead cells, selectable markers to remove wild-type contaminating strains, etc.). Furthermore, complex multicomponent biocatalysts using cell surface display often require the expression of multiple proteins and therefore special attention should be given to balancing protein expression. Additionally, as the number of enzymes expressed in a single whole-cell biocatalysts increases, plasmid stability can become a serious issue when attempting to scale-up biocatalytic processes from the laboratory scale. 144 Enzyme expression can be controlled in part by careful selection of the type and strength of the promoters that initiate protein expression. Cells harboring biocatalytic proteins under an inducible promoter will not express that protein until they are given a specific substrate to unlock the target gene for transcription. Surface-displayed proteins regulated by an inducible promoter often express the target protein at high concentrations; however, in many applications, the high levels of foreign protein expression are toxic to cells. 145 Therefore, biocatalysts utilizing high-density surface display of target enzymes under inducible promoters are more suited for batch processing. On the contrary, cells harboring enzymes under a constitutive promoter will express the enzyme continuously, albeit at a lower level than enzymes under inducible promoters. This is advantageous in that it does not require the use of expensive inducing agents or separate growth and induction media that can be problematic on a large scale. As a result, constitutive expression is more suited for continuous processes. 146 However, it should be noted that there is a lack of strong constitutive promoters in many prokaryotic hosts. 145 Some studies have suggested that the combined use of inducible and constitutive promoters enhances the overall expression of the target enzyme. 147, 148 

CONCLUSIONS AND OUTLOOK
While engineering the properties of biocatalysts using cell surface display and directed evolution has greatly expanded their industrial applicability, the majority of these studies have focused on altering one enzyme property at a time. This approach does not take into consideration the consequences of sequence mutations on other enzyme properties. Therefore, future engineering effort should include strategies for multiparameter screening to evaluate several properties of an enzyme simultaneously. Smart design of enzyme libraries is likely to be the key to the success of this effort, underscoring the importance of predictive modeling and rational design in engineering an optimal biocatalyst for a set of conditions. Real-time evaluation of the effect of mutations on multiple enzyme properties could prove to be a more holistic approach to identifying enzyme species optimized for the chemical industry. Cell surface display combined with multiplexed single-cell screening technologies like FACS offers a clear advantage over other library screening techniques in that it offers the potential for multiparameter screening. The development of such a well-designed system is exemplified by the YESS system, 100 where the protease was screened for both improved activity and altered selectivity.
Additionally, most biocatalyst engineering strategies have been focused on the local optimization of individual enzymes in isolation. To date, there has been little research focused on the engineering of individual enzymes in the context of a multienzyme system toward a global optimum. Cell surface display, especially co-display and scaffoldin-complexed display systems, represents a great platform to integrate protein engineering with microbial surface engineering for the development of superior industrial whole-cell biocatalysts. As the application of scaffoldin-complexed enzyme biocatalysts continues to advance, collective enzyme engineering strategies will likely be developed to enhance the overall performance of the multienzyme system. This research venue will require rapid, high-dimensional analysis of many enzyme properties, with each property corresponding to different enzymes used for a particular industrial application.
Biocatalytic processes represent a safe, environmentally friendly alternative to traditional catalytic processes. While chemicals produced in biocatalytic processes currently account for 6.2% of all chemical sales, they are expected to grow to 19.2% of all chemical sales by 2020. 13 The transition toward intracellular whole-cell biocatalysis has been ongoing for the past decade, and several large chemical companies including DSM, Lonza, and BASF are developing processes utilizing whole-cell biocatalysts for the production of insecticides, antibiotics, and drug precursors. 1 While no large-scale production processes utilizing cell surface display are used in industry today, this increasing prevalence of biocatalytic systems in industry coupled with advances in cell surface display will likely accelerate the adoption of whole-cell biocatalysts displaying enzymes.
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